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Abstract

We invastigate theoreLical intarpratations of the 1.4 GaV J¥C exotic resonance
raported by the K852 collaboration. 1t Is argued that interpretation in terma of »
hybrid meson i untenable. A K-matrix analysis shows that the 1.4 GeV enhanocment
in the E853 yx data can be understood as an interference of a non renonant Dack—
type backiround and 8 hybrid meson resonance at 1.6 GeV. A final state rescuttcring
ealeulation shows that the 1.6 GeV hybrid has a nw width which is bounded above
by 574 14 MeV.
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1 Introduction

Evidence for a J”C = 1=+ jsovector resonance 5(1405) at 1.4 CaV in the reaction = "p —
g7~p has becu published recently by the 1852 collaboration at BNL {1}. "The mass and
width quoted are 1370 & 1643 MV and 385 + 40483y rospoctively. Thesa conclusions are
stremgthened by the claim of the Crystal Barrel collaboration that there is evidence for
the same resonance in pf aonihilation with a mass of 1400+ 20 + 20 Me:V and a width of
310 4 60+2 MeV [2], consistent with F852. Howaver, the Crystal Barrol state is not seen
s a poak in the 7y mass distribulion, bul is deduced from interference in the Dalits plot.
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Since the J*C of this state is “exotic”, i.c. it implics that it is not a conventional meson,
considerable excitement. has been generated, particularly becausc the praperties of the slate
appear to be in conflict with theorctical expectations. The resonance is reported in natural
parily exchange in the E852 cxperiment, and no statement ean enrrently be made abont
its production in unnatural parity exchange. ’

In addition there arc two independent indications of a more mamdve isovector JPC —
1-+ cxotic renonance 3(1600) in #~N = x'xx~N. The E852 collaboration recently
reported evidence for a resonance at 1693 L 8 MeV with a width of 168 + 20 MoV [3].
These parameters are consistent with the preliminary claim by the VES collaboration of
a resomance at 1.62 1- 0.02 GeV with a width of 0.24 3 0.05 GcV [4]. In hoth cases a
partial wavy analysia was performed, and the decay mode Pz~ was observedd. There is alw
avidenee for H(1600) in n'w peaking ak 1.6 GV [6]. Tt has boen argued that the gr, 1/'x and
nx couplings of this state qualitatively support the hypothesia that it i & hybrid meson,
although other interpretations cannot be entirely eliminatod [6].

Tiecent flux tube and other model estimaten (7] and lattice gauge theory calculations (8] for
the lightest 1=+ hybrid support & mass substantially higher than 1.4 GeV and oflen above
1.6 GeV {6]. Turther, on quite general grounds, it can be shown that an nx deeay of | !
hybrids is unlikely [9). There in thus an apparent conflict between experimeatal observation
and theoretical expectation as far aa the 1.4 GoV poak is concerned.

The purpose of the present paper is to propose a resclution of this apparent conflict. ‘T'wo
possible hypothesss are considerad.

1. "Uhe two stales are indeed separate resonances and are hybrid mesons: the lower uue
the ground state and the upper one an excited statc. We perform calculations in the
flux-tube mode! of [sgur and Paton [10] Lo demonstrate that buth on mase and decay
grounds, this hypothesis is implansible.

2. We suggest & mechanjsm wheraby an appropriate nr decay of a hybrid meson can be
generated aud argue that chero Is only one J¥ = 17 isovector exotic, the lower-
mass gignal in the E852 experiment being an artcfact of the production dynamics.
We domnunstrate explicitly that is possible to understand the 1.4 GeV peak obeorved
1n 7% as a consequence of a 1.6 GeV resonance interfering with a non resonant Deck—
type background with an appropriate relative phase. We do not” propase that there
should necessarily be a peak at 1.4 GeV; but that that if experiment unambiguously
confirma a penk at 1.4 GeV, it can be anderstood as a 1.6 GeV resonance interfering
with a non-resonant background.

2 Hypothesis I: Two hybrid mesons close in mass

The simplest explanation for the experimental report of two peaks at two different masses,
is that they are indend separate Breit Wigner resonances.

The most conservative assimption in that these are then both hybrid mesons. Other los
likely hypothescs, such as glucball, fonr—quark and molecular interpretations, arc discussed
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Tuble 1: Decay widths of a ground state at 1.4 GeV in the flux-tube model. The
fax, pw, K°K, 77 aud 7w moden arc all snbstantially below 1 MeV. The conventions
aud parsinetes are those of rel. (12}, except for the following changes for the byr and fi7
modes, Here we use a radial dapandence of the hybrid ~ r, which produces widths ~ 5%
different from ref. (12]. Moro importantly, wa take into acconnt the fact that the b, and
i have finitc widths, and we assume that they decay prodominantly to wr and 6(980)m
respectively.

WMode | Partial Wave idth (MeV

b D 96
hn 8D 13
pr P 4
7(1295)x p <1

in ref. [6).

In the hybrid scenario, the 1.4 CeV resonatice would naturally be asmmed to be the ground
gtate hybrid and the 1.6 GeV resonance an excited hybrid. A numerical coleulation in the
flux- tube modeal indicates that the orbitslly excited D wave hybrid ig tho'lowest excitation
above the P-wave ground etale, with a mnse difference of 400 MaV for light quarks [7].
The same model predicts cc D ‘wave hybridg to be 270 MeV heavier than the ground stata
hybrid [7], in good agreement with the result of 230 MeV found in adiabatic-limit lattice -
gange thoory simulations {8] and similar rosulta in NRQCD lattice simulations {11]. Also,
the lattice—gauge calculations find that the next highest lovels in the oF soctor are the
radially excited P-wave hybrids [11], which are 400 MeV heavier than the ground stato |8].
A mam differcuce of 400 McV for Lhe light—quark hybrids is cloarly inconsistent with the
experimental claim of resonances at 1.4 and 1.6 GeV. The ahsoluie mass scale predicted by
theory does not support a ground state bybrid at 1.4 GeV, as discussed in ref. [6]. Thus
there are two arguments on mass grounds for discanding thia hypothesis.

Further, from the viewpoint of decays, it is qualitatively hard to explain why the lower-
masa 1 ! hybrids should be seen only in #x. This is because relativistic symmotrization
selection rules suppress tho 7w decay of any 17+ hybrid in QCD in the abecnse of final
state interactions [9). Within the fux—tube model and constituent—ghion models there is a
sclection rule which suppresses decays of ground state hybrids Lo Lwo S-wave mesons [12,13).
This selection rule requires only the standard assumptions of non relativistically moving
quarks and spin 1 pair crestion in a connected decay topology [14]. In addition, for L1
hybritks the slection rule is only opurative when the non—relativistic spin of the QQ is 1.
The lowest orbilally excited hybrid in Lhe Aux-tube model has QQ in spin 1, and hence
ohcys the sclection mile. The ground sad lowest excited hybrida have hence got similar
overall decay sLructure.

lux tube model prodictions for the decay of a 1.4 GeV hybrid are given in Tabla 1. We
aote that the total predicted width of ~ 110 MeV ia mnch tauallor than the obeerved valuc.
The calculations show that we expect an appreciably larker pr widlh than 7 width for
the ground state hyhrid. This is confirmed by QCD sim rule calculations {15 It then
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Tuble 2: Decay widths of an orbitally excited hybrid at 1.6 GeV to I + S—wave states
in the Hux-tube modol in MeV. The couventions and parameters ara those of ref. [12].
The derivation of the widths is discussed in Appendix A. 'I'h‘g: inverse radius of the hybrid
fl = 0.37 GoV is taken Lo be the same as that of the ground state hybrid [12]. We also
quota an error basod on taking f = 0.23 GeV. Widtha of 2 2 QeV orbitally excited hybrid
Is also indicated for comparison. '

Decay Partial | Fxcited Hybrid Mass
Mode Wave 16 GeV | 2.0GeV
hx s 118 (221 10 (-6
D .1l 8
fin $ o (@] 4 (Y
D .06 12 (1)
i D 08 2
[y L] - 11 (-3)
D - 2
a0 S - 07
Ky (1270)K S - 105 (-27)
D - R
K1 {1400)K 8 - 05
D - 3
K3(1430)K D - 03

bacomes difficult to understand how thoere can be almost no presencn of 17! wave in the
ox experimental data at 1.5 GeV (3], where thore should be significant presenco due to the
~ 400 MeV width of the E852 1.4 CaV state. ‘Thix calls into question the interpretation of
the 1.4 GeV state as a ground statc hybrid. When final statc interactions are taken into
account (a point on which we elaboratc below), we axpect a larger y» width, which may
involidate the preceding arguments. We shall hence procead with the hypothesis that the
1.4 CeV state is the ground state hybrid and the 1.6 GeV state tho orbitally excited hybrid.

Actording to the flux tube model calculations in Table 2, the orbitally oxcited hybrid at
1.6 GeV hus & somewhat larger total width than the the ground atate hybrid at 1.4 GeV.
This is o stroug theoretical statement na genecally nodes in orbital wave functions tend
tn suppress specific partial widths rclative to ¢he ground state. Note that P wave modes
like 5(1295)x, K*K, pw should all he stronger’ for a 1.6 CeV state than a 1.4 GaV atats,
simply due to phase space. Thus there is a furthar problem in understanding why the 1.4
GeV siate should have a largor oxperimental width than the 1.6 GaV stale.

So on a multiplicity of grounds we arc foreed to conclude that the hypothesis that the 1.4
and 1.6 GeV states ara buth hybrid mesons is theoretically untenable.

110 comtitaent ghun muodels, the lowest Iylng excited hybrid is rxpected to bava QQ xpin 0, 50 that
demyn t S—wwyo mosons arc not suppressed [13, 14]. The lawest-lying axciled hybrid would then Le very
wide tndecd.

Figure L: Decay of j to gx via linal state interactions,

3 Hypothesis II: A single hybrid meson at 1.6 GeV

The current cxperimental data on the 1.6 (eV stale is consistent with wass predictions
and decay calculations for a hybrid meson [6, 16]. Thia then leaves open the interprotation
of the structure at 1.4 GeV.

‘I'here are two hasic problems to be salved. Firstly it ia nevessary to lind a mechanism
which can generate a suitable pr width for the hybrid. Then having established that, it is
nccowary to provide a mechanism to produce u poak in th cross sectlon which is some way
below the real resonance position.

We first show that s sufficlently Iarge 7 widih for a hybrid resonance wan be gencrated by
final-state interactions. For this wo use a doorway calenlation, the procedures for which
are well established [17]. We use the simplost approach to provide an upper limit.

The nx peak in the 852 data spans the pr and by« thresholds, s we proposc a Deck-type
wodel {18] a5 & source of a non-rosonant fn background. We then show that, within the
K-matrix formalism, interference botwoen this backgrouud and a resonance at 1.6 GeV can
account for the E852 rx data. The width roqived for the decay of the 1.6 GeV hybrid to
1% i comfortably below the upper limit established in tho doorway calculation.

3.1 gn doorway width of a 1.6 GeV state

Although the nx width of a hybrid is sappressed by symmetrization sclection rules [9] which
operate on the quark level and have been estimated in QCD sum mles to be tiny (~ 0.3
MaV) [15], long distance contributions to this width are possible. We shall show that then
can be very much Jurger than the widuhs obtained without final stata interactions.

The procedure we adopt is that of a doorway caleulutiun with on-shell mesons [17), which
provides an upper limit. An esential ingrodient ia the preseuce of an allowed dominant
decay which can couple atrongly to the channel of intevest. In the flux: tube model &yx in
auch a dominant decay, and it is strongly coupled to nx by p exchange (sce Figure 1). So
wo consider the process g+ - bix = gx't.

Fur on shell gtates the Lorentz invariant amplitudes can be parameterized as



Mﬁ )""I“ - ':‘t"(-"fouﬂw + yﬁu’p:p‘ﬂ’) (1)
My, 1ty = ‘i‘tﬁ‘(yiny"' + g.";'np’,'r:l) (2)
Mp—oﬁl’ = 3’!16'(]7:0 - '{"l) (3)

where pf and cx refer to the momentum l.nd puluu;ﬂon 4 vectors of X respactively, ¢
is the flat space "metrle Lensor, and ;rm,. fr - -'hs. ot I pn 804 Gpue aTe docay constants to
be determined. Theae are discumed in Appendix

The doorway amplitude for the procees p =+ b 2% = ym+ is then

M = g [ € Llahr™ + et g
1
x (g:ngol +’.l""p"p‘.\l)?’._%‘x"r‘:;0m(‘fﬁ -x‘)?::_ mi'. Tic (4)

where ¢ ig a small real number. Here we have contracted Lhe Lorentz indices on the internal
vector particles in the usual way {17, effectively working in the “Fuynman gauge”. Inte-
gration is performed over the loop momentum. We evaluate the doorway amplitude in the
rest frawnc of j using convervation of momentin at the vertions and the Cutkoviky rules to
obtain {17]

+z

Musorwey = 12X(b. + E )ﬂ {la+as+ &131) lnl | 2((-‘ + zq)} (5)

if the component of the polurization of j is in the direction of the outgoing parlides, i.o.
or xt, For other polarizations, Meewey = 0.

Hore
= =l (6 + 02 (B (Bos + Eir) + )} ©)

<0 =P (= GhaTinsm + Iy aTin g™ (Eno + Eys) 1
(.qgl“ggn + gz..’::’q””(l"‘h - EQ))(EIv(F“ir‘ + Eﬂ") + p?) - 9;50..93"?2} (7)

A= P 9 (ke T G ap(Bo — By)} (8)

L P (B - Bt m)
2pq

®)
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snd p is the magnitude of the &, or x° momentum, g the magnitude of the 7 of x* momen-
tum, and Ey the energy of X, all in the rest frame of 5.

The doorway decay width for 5* - by — 9 ix then

1
Thbin st = #m—; 3 12 Miarf (10)

where we have taken into account that there ure two possible intermediate processes cons
tributing to the total amplitude, i.c. §* - bfa® —+ nat and 5* - Bxt -y .

We calculate that the doorway width in 57 & 14 MeV for all the particles on—shell, taking
ints neeount uncertaintios in the couplings bf — p*n and p' — x*x® (see Appendix B).
As remarkad in Appendix B, thare ar¢ uncertainties in the coupling 5+ + 8 x® which can
make this doorway width up to ~ 40% smaller. Thus we concluda that the doorway width
ix loss than 57 & 14 MaV. Tt should alus be rememberod that the doorway calculation as it
gtands provides an upper limit, gince we wonld get a smaller anawer if we werc to take onc
of the internal legs off shell and introdues forin €actors {19]. However theas are unknown,
and as 57 + 14 MeV is well above the g width reqnived this dows not create a problem.

3.2 Non-resonant g7 Deck background

The 1.4 GeV peak in the g channel oceurs in the vicinity of the px and byr thresholda,
and it in thercfore natural to consider thesn as Leing responsible iu somo way for the g
peak. I'ho Dack mechanism [18] is known to produce broad low-mass enhancoments fur
particle pair in three particle final states, for example in ap — (px)p. In this Iatter casc,
the incident plon dissoriates into g, cither of which can than seatter off the proton [20).
At sufficiently high energy and presumed dominance of the exchange of vacuum quantum
aunbers (pomeron cxchange) for this séattoring one obtains the “natural parity chunge”
sequence x ~» 07,1%,2".... (the Gribov Motrison rule (21]). However if the seattoring
involves the exchange of other quantum numbers then additional spin-parity comhinations
¢an he obtained, including J* = 1 . This can be soen explicitly in ref. [18] for the
reaction xp —+ (on)p in which the full 7p scattering amplitude was used, so that the effect
of exchangea other than the pomeron are automatically included. ‘The J’ sequenco from
the “natural parity change” dominates duc to the dominani contribution from pomerou
exchange, but other spin-parity states are preacnt at a non nerdigiblo level. The Reggeised
Deck effect can simulats resonances, both in terms of the mass distribution and the phase
(18, 37]. It cun produce circlon in the Argand plot, the origin of which is the Regge phase
factor exp[—ijxa(tn)).

it i also important Lo note that rescaticring of the lighter particle from the dissociation of
the incident heam particle is nol a prerequisite, and indend both can contribute [20). We
snggest that in our particnlar case the elevant processes are (from left Lo right in Figure

2)
1. ® = byw, wp — xp giving a bix final atate.

2. 7w - ®p, pp = 1p giving a g final state.
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Flgore 2: Deck background production in na.

n by n n ) x P

8. x — pr, xp-~» xp and pp - » pp giving a xp final state.

for cach of these procrwses the rescattering will he predominantly via p (nalural parity)
cxchange Lo give the required parity In the final atate. Obviously proces (ii) produces
8 final nx state diroctly, but for (i) and (jii) the byx and pr final atates are required to
remalter iuto nr (for which the doarway calculation provides an explicit mechaaism),

Unfortunately only the xp cross soction can be obtaina with any reliablity. The othera
can be estimated with varying degrees of uncertainty from:

1. wp -+ byx: data on x®p — wn, which can be invertad to give wp — x%p,

2. xp -» nr: data on yp — up, which hy assuming vector meson dominance ¢an give
m —yp.

3. mp =+ pr: data on 7°p = #%n and on xip - xip; data on yp - pp and vector
meson dominance. .

In view of the uncertainties in the underlying reactions, the lack of an explicit valuc for
the JP€ = 1=+ gy cross acction in the 13852 experiment, and the impossibility of a precise
evaluation of the reacatteriug into the nm channel from g and byx, we have not attamptod
?mmplete Deck-type enlculation. We concentrate rather on Lhe: mass-depondence which
it generatos. The characteristic mass—depondence is a peak just above the threshold. Thus
thore are thron pesks from our proposed mechanism: a sharp peak just above the sor thresh-
old; a broader onc at about 1.2 GeV from the gx channel; and a very broud one at about
1.4 GeV from the by chanpel. The fimt of theae is effectively removed Ly experimeutal
cuts, but the net offect of the two Iatter ia to produce a bruad peak in the nx channel.
Thus invoking this mechanism does provide an explanation of the larger widlk of the nx
peak at 1.4 GeV in the E852 data compared to that of the pr peak at 1.6 GeV. Bocause
of the resonance-Hike natnre of Deck amplitudes it is also possible in principle to simulate
the phasc wariation observed. However ax there are Deck amplitudes and the 1.6 GeV
resonance, presumably produced directly, it is necessary to allow for interference hatween
them., We use the K-matrix formalism Lo caleulate this, and also to demonstrate Lhat the
Neck mechanism is essential to produce the 1.4 GaV peak.

3.3 K-matrix with P-vector formalism

Tt is straightforward to demonstrate that within the K matrix formalism it is impossible
1o understand the nx peak at 1.4 GeV as due to a 1.6 GeV state if only resonant decays Lo
7, px end byx atn allowrd deapite the strong threshold effects in the two latter channels
1 Wo find that for a byr width of & 200 McV and 17 and p7 widths in the region 1 - 200
MeV there is no ghift of the peak. However, when a non resonant 0« I'- wave is introduced,
the interference between this and the 1.6 GeV stato can appear w & 1.4 GeV peak in 7.

We have seen that the non resonant i wave can have wignificant presence af the by or fix
threshold (callod the “P+S” threshold), 6. 1.368 GeV for byx, beenause of the substantial
“width” generatod by the Deck mechanism. Since the hybrid is believed to couple strougly
to “D+S" states due to selection rulex {12, 14], the interfrence offuctively shifts the peak
in nr down from 1.6 GaV to 1.4 GeV. It is not necoseary for the 1.8 GaV resonance to
hav ea strong g decay. It is signifieant that the E852 experiment finds A al 1370 £16*§
MuV, nenr the byx threshold, but not at 1.6 GeV. 1t is possible for a state to peak near
the threshold of the channel to which it lins a strong conpling, assuming that the (weak)
channel in which it iz obsorved has & signifieant non-resonant, origin.

We follow the K -matrix formalism in the P-vector approach aa outlined in {23, 24]. We
assume there to be a A with m, = 1.6 GeV ag motivated by the structure obaerved in px
13]. The problem is simplified tu tho cxsn whare thore is doeay to two observed channels
i.e nx and pw, and onc unabeerved P+ § channel. ‘These chianuelr are denotod 1, 2 and
3 respoctively. The production amplitudes and the amplitude after final -gtate interactions
are grouped together in the 3-dimensional I* and F vectors respectively. In order to
preserve unitarity [23] we assume  real and symmetric 3 x 3 K-matrix. The amplitudes
aftar final-stato intoractions and production are related by (23]

F=(I-iK) 'P (1)

We define the widths as
=+ r,gj—ff’;fr))p(a.-) i=1,2 , (12)
Ty= '7: T plan) {13)

where g; is the breakup momentum in channel i from a state of effective mass w, and ¢f is
the breskup momentum in chauncl i from a atale of clleclive mass m,. The kincmatics is
tnken care of Ly use of the phase spaco factor

o) = 2:”! (14)

and the P-wave angular momentum barrier factor

$The urc of b, x Ix not critical here: any channel with a threshold near 1.4 GeV will suffice.



(2/an)?
B = Tl (15)

where Lhe range of the interaction is gx = 1 fm = 0.1973 GeV.

We assume the experimental width in px of T; = 168 MeV. [3] tn he tho total width of
thy state®, We adopt the fiux-tube model of Isgur and Paton {10} and usc the px and byx
widthg which it predicts for a bybrid of mam 1.6 GeV. Since the model predicts that the
branching ratio of & hybrid to byx i 59 — 74 % and to fyx is 12— 16 % [16], we obtain the
P 4+ S ‘wave width to be 120 ~ 150 MeV. Analysis of the data shows that the px branching
ratio of A(1600) i 20 L 2 % [6], corresponding to a px width of 30 — 37 MaV. This i
consistent. with flux~tubn model pradictions of 9 - 22 % {16]. For the aimulation we use a
byx width of 120 MeV, a pr width of 34 MeV, and an nx width of 14 MeV, well within the

limits set by the doorway calenlation. We neglect other prodicted mades of decny since we
restrict our analysix to three chunnuols.

‘The K matrix cleraents are

m,.,/i Ty
Ky = ‘;7%—_'_—‘0—, +ey (16)

where ¢y includes the pomibility of an unknown background.

Tn the simulation we assume that the Deck terms can be treated as conventional resonances.
This is not nocivsiary, but is done to reduce the number of free paramnctern. We assmme
that the #x Deck amplitude is produced predominantly via the byx and pr channels, and
g0 ia modolled a8 a reaouance at a mass my; = 1.32 GaV and a width Ty, =2 300 MeV. ‘This
width fits the F852 data at low nx invariant masses (scc Figure 3a). The px buckground
is agsumed to poak at a mass my; = 1.23 GeV with a width 1", = 400 MaV, which when
plotted a8 an invariant mam distributlon offectively peaks at ~ 1.15 GeV, In agreement
with detailed Dock calculatious in the 1 H wuve [18].

Wha incorporale the nr and pr Deck background by putting c;; = 0 except for

mnln mualia
U= on= AT (17

‘T'he widths are defined analogously to Liq. 12 as

3
=7 Tr pripel) 412 (18)

where ¢} is the breakup momentum (rom a state of effective mass my, (for i = §,2).

‘I'he: production amplitudes are given by

304 is fommed Chat OUE results in F5g. 3 Are very similar cven for a width of 250 MoV.
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mVp /Il
p= I

mi — w?

(19)

where the (dimensionleas) complex pumber V; measurcs tho strength of the production of
5. We take ca — 0 and .

my Vi E!I’ r miaViay/ T
o= t YAl ntz - ;a l: F (20)
) - w? miy — w

where the complex numbers Vy; gives the prodnction strengths of the Deck background in
channel i.

The reaults of this it are shown in Fig. 3 and clearly provide a good description of the y»
data [1, 24].

Wa briefly discuss the rosults. Fig. 3a indicates a stoep rive for low invariant 1 masses,
and a slow fall for large g masses. This paturally occurs becanse of the prusence of the
resonance at 1.6 GoV in the high mam region, which shows an a shoulder in our fit. Figure
3h reproduces the experimental slope and phase change in 7 [24]. One might find this
unsnrprising, since the background changes phaso like a resonance. Ilowrver, we hawu
confirmed, by amsuming a backgrountd that has conatant phase as a function of yx invariant
mass, that the experimental phase shift is still reprodiiced. The experimental phase shift
is hence induced by the resonance st L.6 GoV.

Without the inclusion of a dominant P + S—wave channel the nn event shape claarly shows
two penky, one at 1.3 GeV and one at 1.6 GeV, which is not connistent with the data [1].
The phase motion is also more prosounced in the region between the twn peaks Lhan that
suggested by (he data [24]. The rdle of thn dominant P+S-chunnel is thus that at invaciant
nassos between the Lwo peaks, the formalinm allows coupling of the strong P + S channel
to 5%, s0 that the fx appears atronger than it would otherwise, interpolating between the
peaks at 1.3 and 1.6 GeV, consistent with the data (1]. A dominant P + § decay of the j
ix hence suggested by Lhe data. The fact that the doorway calenlation gave & sineable g
wldth is also critical here. A tixy v width would havs caused Uny off diagonal K-matrix
element K3 = K, in Eq. 16, which wonld make the conpling of the #4 S and n channels
negligible, causing the above “interpolation of the peaks” Lo become inoperativn.

4 Discussion

We have argued thal on the basis of our curront understanding of meson maswcs it is
iruplansible ta interpret the 1.4 GeV peak seen in the J*7 =1 ! nx chaunel hy the BNL
F859 experiment ny cvidener: for an exotic rcmonance at that masx. Wa acknowledge that
this is not n proof of non-cxistence: and note the Crystal Barrel claim for the prevence of
A nimilar state at 1400 £ 20 + 20 McV in the reaction pf -» g*x . However this Is not
sean a8 & peak and iv inferred from the interference patlern on the Dalite plot. Tt has
not twen observed in othet ehannels in pf annihilation at this mass, which is required for
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confirmation. So at prosant we belicve that the balunce of probability is that the structure
docs not reflect a real resonance.

Civen this vicw, it is then necessiry to explnin the data and in particular the clear peak
and phase varintion seen by the E852 experiment. Additionally the observation of the peak
only in the nr channel, which is severely suppressed by symmetrization seloction rules,
oquires justification. We have dealt with these two questions in reverse order. Wa first
demonstrale that final state intcractions can generate an 1w decay of sufficient strenyth.
Wo helieve that this result by itscll is of considerable significance and is of wider relevaace.
We then mnggest that the EB52 nx peak is due to the interforance of & Deck type background
with a hyhrid resonance of higher mass, for which the g at 1.6 GaV is an ohvious candidate,
This mechanisin also provides Lhe natural parity exchange for the former which is obsarvad
exporimentally. ‘The parametrization of the Deck background is found not to he critical.

A key feature in our scenario is the presance of the large “/* + ™ amplitude which drives
the mechantsm. This ghould be obscrvable hoth as a decay of the 1.6 GoV state and a8 a
lower-mass enhancement duc to the Deck mechanism. Depending ou the relative strength
of these two tcrms tha resulting mass distribution conld he considerably distorted [rom a
conventional Breit Wigner shape as the Deck peak is broud and the intarferenco conld be
appreciably groater than in the pr channel.
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A Appendix A: Decay of orbitally excited hybrid

We detail here the flux-tube model calenlation for the docay of an orbitally cxcited hybrid
to £’ + S—wave mesons. ‘The normalized wave fanctions of the P wave and S ‘wave mesons
aro just S.1LO. wawe: functions with the same inversa radius 4 [12), and are respectively

7 B 1 Py
23 a ™Y, (B) exp —iﬂ’r’ J %P -Eﬂ’r’ (21)

The normalized wave function of the orbitally excited hybrid in taken to he

Nyr* DL, (9,0, ~4) P![\—-l fira Ny= M (22)

L LA G 1 4 2T(3 +4)
whare the Wigner D-function 'D: » Sunruntees thal the state has Lotal orbital angular
momentnm L = 2, the first orbital excitation above tho ground state with total orbital

angular momentum 1, M,‘, ia the total orbital angular momentnm projection, and A = .1
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is the angular momentnm of the flux tube around the QQ axis [10]. The inverse cadius
B characterizes the wize of the wave function and T is the Garnma-function. The radial
depondence i3 chosca to be proportiousl to %, where § is chosen snch radial Schrddinger
oquation [10] in the limit r — 0, which lcads to the condition 5(§ +1) = L(L+1) A2[12),
implying that & = 1.79 for L = 2. The lowest orbitally excited hybrid has the QQ in spin
1, just like the ground state hybrid.

The relevant overlap cnn be obtained by inserting the spacial wavi: functions into the de-
cay muatrix element and perfurming the integration over the quark antiquark pair creation
position {12, 10]

0-6270 \/E ol . . .
M,,t“"=ﬁavoura-_‘—_w-p—mﬁ a[n'amo.m /;wrzdrr‘(-~lﬂ"r+p)-a“£_m

X Dl ($.0,9) Dl (9,0,~9) oxp s -x o~ QB+ ) ()

where p is the momentum of Lhe outgoing mosany in the rest frane of the hybrid and e
a spherical basis voctor. Notice that the pair crealion constant vp of the 3% model enters
explicitly in Eq. 23. This is because the Hux tube model, within the assumptiona mada for
the wave functions, gives a prediction for the couplings of a hybrid in terms of couplings
for mesous in the 7 mode! {12] (the constanta 0.62 and 0.1 in Eq. 6 arc derived from
flmx-tube dynamics). We take v = 0.39 [12, 25, 10]. The integral in Eq. 23 is pecformed
numerieally.

We can write tho decay ampliludes in terms of the amplitudes in Fq. 23 as follows, following
rof. [12]. For byr (“flavonr” - 2):

S-wave amplitude = ——ﬁ& (V6Mz + VAMy + My + VEMia + Mao)

D-wave amplitude = —-\/‘ﬁa (VBMar + VAMu + My = 2VEM — 2Me0)  (24)

where  solocts the imaginary part of the amplitude. For fix and a9 (“flavour” — /2 and
1 respectively):

§-wave amplitude = 7;—09: (V6Ms; + VEMy + Moy + VEMyq + M)

1

2\/1_59 (VBMay — 2V3M, — 5Moy + VM + M) (25)

D-wave amplitnde =

The K1 (1270) is regarded a3 coad |'P,) +sind [*F,) and K, (1400) tho orthogoual partner,
with § = —=34° 12, 10]. ', and *I are the P wave mosons with QO combinations of the
decay amplitudes to the '#) meson (Eq. 24) and 1, meson (Eq. 25), For K,(1270)X and
K1(1400) K" “Ravonr” = \/il

13



For far, agn and K3(1430)K (“favour” = V2, 1 and 2 respectively):

D wave amplitndn = z_lﬁﬁ (V6Mn — My - ViMyy - My) (26)

“Tho decay amplitudos in Eqs. 24 - 26 nre then usesd to calculate widths sccording to the
phase space conventions of Bq. 6 of ref, {12]. .

B Appendix B: Doorway calculation constants

B.1 g}, and 6B,

I'hoses’ couplings cannot be obtained from experiment, as there is currently no published
data on the #* coupling to 57 x". We have cakaulated g, aund gj,, in the non relativistic
flux tube moddl of lsgur and Paton, following Lhe conventions and methods of ref. {12]
(cxcept that we asumo the relalivistic phase space convention {26]). The wave functions
of the mesons and the hybrid are given renpectively by Eqnx. 21 and 22 (with L = 1). We
find that

-2ty + 3wy + Wy

( 3?;;: ) = =yAmEi, B ( (3w + D) + (B2~ (200 + I + @3) ) e

where

P\ 062y 2 | =YY P m Pri(D)\
(2)"(‘17%75\]3r(;mf"'“m( At I””Jn((lé) (28)

where j, and 1' refors to the spherical Bessel and Gamma functions respoctively. W nge
7o = 0.53 which reproducca conventional meson decay phenomenology for reiativistie phase
gpace (25]. Tn Bq. 27, § refem to the inverac radius of the ) or x°, the parameter thal
enters in the S.H.O. wave function. Similarly, A, is the inverse radios of g*.

Satting § = 1, Gy = 0.27 GeV and f = 0.38 GeV, yields

05,.=30GV  gR, =-R2CaV"! (29)
We chiaso a value of Y, towards the upper end of the range in the litcrature. In calrulations

of excited mesons, values of , a8 low ax .4 have boeen used [26]. The valnes for 95, and
4.« can hence be only .4/.53 of the values quoted.
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B.2 gi:m and g;fm

Although the b} conpling Lo gty is not known experimeutally (27], its coupling to wx!
is wall known [27), and ean be used to obtain the p*n coupling. We first derive the wr
coupling by assaming that 100% of the decays of b} is 1o wx* nad using tho experimentally
measured D-wave to S wave amplitnde ratio.

The amplitude for b} — wat can b written a8

Mayon = RS (00e ™ + 0llunPlth,) (30)

Using tho Jacol Widk formulae we writc the § wave and D wave docay amplitudes ag

4 1, = 1 E,
Mﬁ—wv = J;M:T'—w- . \/‘; howr = —3(~29.gw' o Eg‘b’.w + Pﬁ%ﬂgm) (31)
] 2, - 2 E,
M: wx = \/EM:”M - J’;Mh-‘:’r - Ji((,;‘u_ - l)y'bqun - p:%g‘:w (32)
where all cnergies and momenta refer to.the b} rest frame. Relatiug the S wave and D-

wave amplitudes to the correaponding widths in the usua) way (analogous to Fq. 10), we
finally obtain

B\ o [T I’T"_.,.,.._ ma (V2 + TR
(a:‘fn) 2\/; 1+(\/§)=(§(ﬁ(%-l)+(:&—, + /) )

Uning the experimental data U = 142:£8 GV and /I3 = +0.29::0.04 (where the sign
is taken to meau that the D wave uud S-wave amplitudes have the same sign}, we obtain
can then dednce the coupling constants

He =46£02GV gl =144£22GeV (™)

To ohtain the by coupling to p*n, we note that (ncglocting effects due 1o pluwo space),
it should be velated to the wx* coupling hy a sitnple favour factor. This is becanse the
Lorents structure of the two docaya are identical. Assuming that the decomposition of the
1 which i aotivated by experiment, ic. y = 7‘:‘-(*('& + dd) + 15), we have

1o 1
yf‘mrﬁyf‘"=3.2:to.l(§cv yg,_:?.ig.’,’,,sm.z;u.scev-' (35)

We have also performad a flux tube (*Fp) model calculation to independently derive the
coupling cunstants. For 4 = 0.53, 8 = 0.4 GrV we obtain

oy=34GeV g, =106GeV™ (36)

15



The agrecment (both in sign and magaitudo) ix claarly impressive, underlining the signifi-
eant agreement of the *# model with experimont [25].

B3 g

Here wo assume that 100% of the detays of p! are o x+x” [27]. We cvaluate the amplityde
Eq. 3 in tho rest frame of p' and eonnect the amplitude to the width of 150.7 + 0.6 MeV
(27}, according to the wsual relation (analogons to Eq. 10) o obtain

Qe =6.02+0.02 (37)
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Figuro 3: Results of the K-matrix analysis. () The events (|F/|?) in yx as comparod
to experiment [1}; (b) The phase {of F,) in fn. The invariant mass w is plotted on the
horisontal axis in CeV. When the phase is plottel it i in radians, with the overall phase
ad hoe. The parameters of the simulation arc m, = 1.6 GeV, Ty =168 MeV [3], 7 = 0.31,
yp = 0.52, 7y = L.4Y, Wy = 163, m = 202, Wy/V) = 2.08¢™, Via/Via = 0.35¢'%. V}
seta the overall magnitude and phase, which is not shown. None of tho ratios of production
atrengths shonid be regarded as physically siguificant, since the K-matrix formalism allows
for the introduction of additional parameters in tho modclling of the backgrounds, which
would change the valnes of these ratios. Tho plots shown here'are only weakly dependent
on the px paramoters ma and Vig. The parameters have been chosen to fit both the mr
data [1] and the preliminary px data {3]. Bxperiment has not been able (o climinate the
possibility that the low mams peak in pr is due to lenkage: rom the a). The background
amplitude in px is being used as a means of paramelrising all forms of background into the
pm channe), including feakage or Deck.
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